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. INTRODUCTION
3,4-Dihydroxyphenylacetic acid (DOPAC) is an important metabolite of dopamine (DA), which is an important neurotransmitter involved in motor and cognitive functions, and deficits of DA may cause Parkinson's disease (PD) [1] [2] [3] . It is important to monitor DA and DOPAC, because the amount of DA is key in the treatment of PD and Alzheimer's diseases, as well as major depressive disorder [4] . The chemical process of DA may be assessed in the frontal lobe of the brain by measuring the extracellular amounts of DOPAC [2, 5] . Usually, DOPAC coexists at very low concentration (micro molar range) with ascorbic acid (AA) and uric acid (UA) in biological fluids [6] [7] [8] . Thus, simultaneous determination of DOPAC, AA and UA with selectivity and sensitivity is crucial in the fields of medicine and chemistry, and it has considerable effects for diagnostic and pathological research [2, 9] .
Several techniques including voltammetry [5, [10] [11] [12] [13] [14] [15] [16] [17] , high-performance liquid chromatography [18] , chemiluminescence [19] and fluorometry [2, 20] have been used for determination of DOPAC. It is desirable to develop a simple and fast alternative method for determination of neurotransmitters in the presence of interferences. Electroanalytical methods may be attractive in measuring neurotransmitters and their metabolites through their electrochemical activities. However, anodic potentials of AA, DOPAC and UA ( Figure 1 ) are almost overlapped at unmodified electrodes, and also they are resulted in very low selectivity and sensitivity due to the deposition of the oxidized products and contamination effects on the electrode surface [1, 10] . The electrodes can be modified with conductive polymers for stable and selective determination of DOPAC [21] [22] [23] [24] [25] .
Poly (3-methylthiophene) (3MT) is a highly conductive polymer which belongs to the class of nondegenerated ground symmetrical conjugated polymers. Poly (3MT) has electrochromic properties such as response time of several milliseconds and recyclability above 105 cycles [26] . Poly (3MT) shows characteristic and reversible changes of conductivity and other properties under oxidation and reduction (switching) [27] .
High quality freestanding films of poly (3MT) can easily be obtained by oxidation of the 3MT monomer in a tetrabutylammonium tetrafluoroborate (TBATFB) electrolyte solution [28] [29] [30] . Poly (3MT) exhibits excellent electrocatalytic effects on some compounds with conjugated double bonds in their molecular structure [30] .
In this study, we wish to present the highly conductive poly (3MT) which was fabricated by an electrochemical deposition process on gold electrode surface in a non-aqueous medium to achieve simultaneous determination of neurotransmitters and interferences. The poly (3MT) film showed significant results for determination of AA, DOPAC and UA. To examine the analytical method's usability, neurotransmitters and interferences were spiked in blood serum, urine samples and tablets, and the results were found to be satisfactory. 
RESULTS AND DISCUSSION

Electrochemical polymerization of 3-Methylthiophene
The polymer films were grown on gold electrode surface by bulk electrolysis at a constant potential of 1.7 V (vs. Ag/Ag + ). Polymer film-thickness is important in electrochemical polymerization, and the poly (3MT) films were grown at 10, 15, 20, 25, 30 seconds at constant potential using bulk electrolysis technique. The highest electrocatalytic activity against AA, DOPAC and UA was obtained by the poly (3MT) film deposited for 10 s, and the maximum peak current was 0.412 µA at 0.200 V for 0.1 mM DOPAC. DOPAC was also oxidized at 0.340 V at bare gold electrode. The modified sensor shifted the oxidation potential for DOPAC to a more negative potential. This suggests that the film has electrocatalytic characteristics, and while film thickness increases, it prevents transition of DOPAC which has large molecular size, so it makes one think that the film exhibits perm-selective behaviour. Additionally, the polymer formed in these conditions had the best electrochemical behaviour, the sharpest voltammetric peak responses and the most stable poly (3MT) films. It was also observed that the thicker polymer films had less homogeneity (surface gaps and cracks) and less strength than films grown at 10 s. The polymerization conditions were selected according to detailed experiments. In order to obtain the optimum experimental conditions, effects of the variables on the peak current and the peak potential (pH and species of supporting electrolyte) were investigated for DOPAC at the poly (3MT) / Au electrode by DPV.
Effect of supporting electrolyte and pH
In order to determine the effects of pH and the supporting electrolyte, a phosphate buffer solution (PBS), Na2SO4, KCl, NaNO3, NaCl and NaClO4 electrolytes were used. DPV measurements of 0.1 mM DOPAC were made in each electrolyte to decide the electrolyte to work on, and the highest and best response (0.412 µA at 0.2 V) were obtained in PBS (Figure 2 ). Phosphate buffer solution was selected as the supporting electrolyte, and pH effect on peak current and potential was investigated. The examination was made in 0.1 M PBS at a pH range of 3 to 11 including 0.1 mM DOPAC using DPV techniques. The peak potential was strongly pHdependent. As it can be seen in Figure 3 , the peak potential of the anodic progress showed decreasing negative potential values with increasing pH. Furthermore, the best peak shape and current of DOPAC were obtained at pH 7.0. Consequently, DPV techniques and 0.1 M PBS (pH 7.0) were chosen for the following electroanalytical studies. 
Electrochemical behaviour of DOPAC at poly (3MT) modified sensor and bare Au electrode
Cyclic voltammetry (CV) and DPV techniques were performed to observe the electrochemical behaviour of DOPAC. The determination of DOPAC was carried out both at the bare Au electrode and at the poly (3MT) modified sensor in 0.1 M PBS (pH 7.0) by using CV and DPV techniques ( Figure 4 ). In Figure 4A , the CV measurements provided reduction peaks only at approximately 0.81 V and 0.62 V at the bare Au electrode (curve b). There was no redox reaction and the bare Au electrode process was irreversible. However, we observed sharp and well-defined reversible redox peaks as well as improved electrochemical response at the modified sensor with a peak to peak separation of 34 mV (curve c). The modified sensor showed oxidation and reduction peaks at approximately 257 mV and 223 mV, respectively. This was related to the fact that the redox reaction of DOPAC was faster at the modified sensor than at the bare electrode. Additionally, the redox peaks at the modified sensor showed high stability in subsequent cycles. After the bare Au electrode was modified with 3MT, the peak currents and area increased, which might be due to the fact that the poly (3MT) film had characteristic surface area and excellent electrical conductivity. Figure 4B shows the DPVs of 0.1 mM DOPAC at the bare electrode and at the modified sensor. The oxidation peak current of DOPAC selected as the analytical signal was observed at nearly 0.20 V for the modified sensor and at nearly 0.33 V for the bare electrode. The modified sensor relatively improved the response of DOPAC in comparison to the bare electrode, and the highest peak currents and sharp peaks were obtained with the poly (3MT) modified sensor. The oxidation peak current at the modified sensor was about 17-fold higher than at the bare electrode, and more sharp peaks were observed in comparison to the bare electrode. The modified sensor dramatically enhanced DOPAC oxidation.
Simultaneous determination of AA, DOPAC and UA at poly(3MT) modified sensor
Simultaneous determination was carried out by DPV in the selected buffer solution. The acquired electrochemical responses of AA, DOPAC and UA were compared to see the enhancement of 3MT modification. The bare electrode could not separate the oxidation peaks of the mixture. Figure 5 displays the DPVs that were obtained to determine AA and DOPAC simultaneously at the modified sensor. In order to see the selectivity of the poly (3MT) modified electrode towards DOPAC, a mixture of DOPAC (10, 20, 30, 40 µM) and AA (at a constant high concentration) was electrochemically analysed. The oxidation peaks of 1.0 mM AA and 10.0 μM DOPAC were observed at 12 mV and 172 mV, respectively ( Figure 5A ). Figure 5B shows the DPVs obtained by multi-run curves of AA and DOPAC at the poly (3MT) modified sensor, and measurements are seen to be highly repeatable. Determining of DOPAC concentration in the presence of AA is a challenging task. However, the separation between the two peaks is large enough to make it easier to determine the individual concentrations of both analytes. The modified sensor with positively charged monolayer clearly distinguished the oxidation peaks of AA and DOPAC as it can be seen in Figure 5 . Figure 6A ). In Figure 6A , two broad peaks were obtained at nearly 400 mV and 615 mV for the mixture of AA, DOPAC and UA at the bare Au electrode (curve a). AA and DOPAC were overlapped at 400 mV at the bare electrode, and UA showed a broad peak with lower current at nearly 615 mV. Furthermore, oxidation peak currents with more positive potential shift were obtained at bare electrode. This indicates that the bare Au electrode is not suitable for simultaneous determination of AA, DOPAC and UA. On the other hand, the poly (3MT) modified electrode successfully separated the oxidation peaks of AA, DOPAC and UA, and sharper oxidation peaks appeared at 32 mV, 192 mV, 316 mV, respectively ( Figure 6A ). Figure 6B shows the multi-run curves of 10.0 μM DOPAC, 1.0 mM AA and 0.5 mM UA at the modified sensor. Very clear and repeatable signals were acquired in simultaneous detection of AA, DOPAC and UA. More stable oxidation peaks could be seen in the subsequent cycles at the poly (3MT) modified sensor. It is clear that the poly (3MT) modified sensor exhibits a stronger response to DOPAC in comparison to AA and UA, even in the presence of high concentrations of AA and UA. AA was oxidized at a less positive potential than DOPAC, while UA was oxidized at a more positive potential than DOPAC. The oxidation peaks' potential differences between AA-DOPAC and DOPAC-UA were 160 mV and 124 mV, respectively. This was sufficient for simultaneous detection of the analytes in a mixture. This proves that oxidations of AA, DOPAC and UA at the poly (3MT) modified sensor were independent of each other, and therefore it is possible to simultaneously or independently measure the three analytes even in the presence of any interference. The modified sensor eliminated the catalytic effects of AA and UA on DOPAC oxidation. In the presence of interferences, we obtained well-defined signals that could be separated for DOPAC very well. Based on these results, it may be stated that the electroactivity of these analytes at the poly (3MT) modified sensor was as AA> DOPAC> UA. Consequently, it was found that, even in the presence of 100-fold AA and 50-fold UA, very low concentrations of DOPAC could be readily detectable. These results show that the poly (3MT) modified sensor was quite suitable for practical applications and real samples.
Validation of the analytical methods
In this study, a poly (3MT) modified sensor was used for quantitative evaluation of DOPAC in a 0.1 M PBS electrolyte at pH 7.0 using the DPV technique. A calibration graph was obtained depending on the linear correlation between the concentration and the oxidation peak currents. Quantitative experiments were performed by testing reproducibility, repeatability, stability, selectivity, sensitivity and detection limits of the modified sensor for DOPAC. All the standard solutions used in the usability tests for the modified sensor and the method were freshly prepared to ensure stability of the analytes in the solutions. Validation results and the data are listed in Table 1 . Limit of detection (LOD) and limit of quantification (LOQ) values were calculated using the formula LOD = 3 s/m and LOQ = 10 s/m, where s is the standard deviation of the peak currents (ten measurements) and m is the slope of the calibration curve [31, 32] . Five replicate experiments in five different solutions containing the same concentration (10.0 µM) of DOPAC were performed to investigate the precision of the method within the same day (repeatability) and in different five days (reproducibility) at the modified sensor. The relative standard deviation (RSD%) results were calculated by twenty-five measurements. The stability of the modified sensor was investigated by following the currents of 10.0 µM DOPAC obtained from DPV for a month. No significant decrease was observed for 15 days. After 20 days, the current performance was 97% and it remained at 90% after a month. These results showed that the modified sensor had perfect stability, repeatability and reproducibility.
The DPV signal showed a good linear correlation with DOPAC concentration in the range from 1.0 x 10 -6 to 5.0 x 10 -5 M at the modified sensor. The oxidation currents linearly increased while increasing the concentration of DOPAC. The linear regression equation was Ipa (μA) = 0.1315 x C (μM) -0.2493 with a correlation coefficient r = 0.9948, which was obtained by six DPV measurements (Figure 7) . The limit of detection and limit of quantification were 0.066 µM and 0.220 µM, respectively. The results achieved by DPV at the modified sensor in Table 1 demonstrated that DPV exhibited wide linear range, high sensitivity, and low detection limit. 
Analytical applications
Recovery studies were carried out in real samples (blood serum and urine) and tablets to determine the interference of additives. For this purpose, the amount that DOPAC spiked in real samples and tablets was calculated. The recovery values were calculated from the linear regression equations at an appropriate concentration range. Three replicates of each sample solution were analysed and the recovery values were calculated by taking the average of the measurements. The results are shown in Table 2 and the recoveries were in the range from 97.95% to 99.73% with RSD < 0.32%. These results were satisfactory and they demonstrate that the applied sensor can be used efficiently and precisely to determine DOPAC in real samples. 
CONCLUSION
In conclusion, an electrochemical method was enhanced and successfully applied for sensitive and selective detection of DOPAC even in the presence of 100-fold AA and 50-fold UA. A stable modified Au electrode based on a poly (3-methylthiophene) film was prepared by the electrochemical polymerization technique in acetonitrile containing 100 mM tetrabutylammonium tetrafluoroborate. The poly (3MT) modified sensor had an excellent response, electrocatalytic characteristics, selectivity and specificity for determination of AA, DOPAC and UA. On the other hand, the negatively charged poly (3MT) modified sensor successfully resolved the voltammetric signals of AA, DOPAC and UA and increased their oxidation currents, whereas the bare Au electrode could not resolve the voltammetric signals of these. Determination of DOPAC was accomplished at the modified sensor with a detection limit of 65.7 nM using the DPV technique. The oxidation current responses were increased linearly with increasing DOPAC concentrations. The modified sensor which has excellent repeatability, reproducibility and stability features, can be applied in the analysis of real samples and pharmaceutical preparations without the need for time-consuming sample preparation procedures.
MATERIALS AND METHODS
Chemicals
3,4-Dihydroxyphenylacetic acid was purchased from Alfa Aesar. Tetrabutylammonium tetrafluoroborate, uric acid and AgNO3 were obtained from Merck. Additionally, 3-methylthiophene, acetonitrile and ascorbic acid were obtained from Sigma Aldrich. All reagents were of analytical grade. Phosphate buffer solution (pH 7.0) was prepared with Na2HPO4, KH2PO4, NaCl and KCl (Merck). All experiments were carried out at room temperature. The solutions of DOPAC, ascorbic acid and uric acid were prepared fresh, and they were used within 1 h to avoid decomposition. All the solutions were prepared with doubly distilled deionized water.
Instrumentation
All the electroanalytical processes were performed by a BAS (Bioanalytical Systems, Inc.) 100W. The conventional three-electrode system was used. The working electrodes were bare (MF-2014) or poly (3-methylthiophene) modified gold electrode, the auxiliary electrode was platinum-wire and reference electrode was nonaqueous Ag/Ag + (CHI112). Before the electropolymerisation, the gold electrode was polished with 0.3 and 0.05 μm Al2O3 aqueous slurries (Johnson Matthey Catolog Comp., United States). All the pH measurements were performed by pH-meter of Hanna Instruments pH 211 Microprocessor.
Preparation of poly (3-methylthiophene) modified Au electrode
Electrochemical deposition was performed by 150 mM of 3-methylthiophene and 100 mM tetrabutylammonium tetrafluoroborate (as electrolyte) dissolved in acetonitrile. The poly (3MT) films were deposited on the gold (Au) electrode surface by a controlled-potential electrolysis at a potential of +1.7 V (vs. Ag/Ag+) for 10 secons. All the sample and the monomer solutions were deoxygenated by N2 gas and saved under the same atmosphere during the polymerization. In order to remove the unreacted monomers, the film deposited on the electrode surface was washed with acetonitrile. After the electro deposition process, the resulting terpyridine based poly (3MT) sensors were washed with doubly distilled water for subsequent electroanalytic works and air-dried for about 2 hours.
Analytical procedures
The validation of the studied analytical method was carried out according to accuracy, precision, robustness and stability by analyses of five sample repetitions. Recovery studies were carried out in order to clarify the accuracy and reproducibility of the method. Recovery values were calculated by using the relevant calibration equation. Calibration equations were created by plotting different concentrations of DOPAC against current values obtained from differential pulse voltammograms. The interference studies were performed in the presence of AA and UA by determining DOPAC. These interference studies were also carried out in real samples. In order to assess the accuracy of the analytical method, the recovery studies in real samples were carried out according to the methodology used in our previous study [33] .
